Following a review of official control data on shellfish in France, Ingril Lagoon had been identified as a site where positive mouse bioassays for lipophilic toxins had been repeatedly observed. These unexplained mouse bioassays, also called atypical toxicity, coincided with an absence of regulated toxins and rapid death times in mice observed in the assay.
Pinnatoxin G is responsible for atypical toxicity in mussels (Mytilus galloprovincialis) and clams (Venerupis decussata) from Ingril, a French Mediterranean lagoon The present study describes pinnatoxin G as the main compound responsible for the toxicity observed using the mouse bioassay for lipophilic toxins. Using a well-characterised standard for pinnatoxin G, LC-MS/MS analysis of mussel samples collected from 2009 to 2012 revealed regular occurrences of pinnatoxin G at levels sufficient to account for the toxicity in the mouse bioassays. Baseline levels of pinnatoxin G from May to October usually exceeded 40 μg kg −1 in whole flesh, with a maximum in September 2010 of around 1200 μg kg −1 . These concentrations were much greater than those at the other 10 sites selected for vigilance testing, where concentrations did not exceed 10 μg kg −1 in a 3-month survey from April to July 2010, and where rapid mouse deaths were not typically observed. Mussels were always more contaminated than clams, confirming that mussel is a good sentinel species for pinnatoxins. Profiles in mussels and clams were similar, with the concentration of pinnatoxin A less than 2% that of pinnatoxin G, and pteriatoxins were only present in non-quantifiable traces. Esters of pinnatoxin G could not be detected by analysis of extracts before and after alkaline hydrolysis. Analysis with a receptor-binding assay showed that natural pinnatoxin G was similarly active on the nicotinic acetylcholine receptor as chemically synthesized pinnatoxin G. Culture of Vulcanodinium rugosum, previously isolated from Ingril lagoon, confirmed that this alga is a pinnatoxin G producer (4.7 pg cell −1 ). Absence of this organism from the water column during prolonged periods of shellfish contamination and the dominance of non-motile life stages of V. rugosum both suggest that further studies will be required to fully describe the ecology of this organism and the accumulation of pinnatoxins in shellfish.
Introduction
Pinnatoxins (PnTXs) had initially been isolated from Pinna muricata collected in Japan (Chou et al., 1996a; Chou et al., 1996b; Takada et al., 2001a; Uemura et al., 1995) , the same genus of mollusc associated in the early 1990s with a Pinna attenuata poisoning in China. Metabolism pathways were subsequently postulated by Selwood et al. (2010) to explain biotransformation of the algal metabolites PnTXs E, F and G into shellfish metabolites PnTXs A, B, C and D and pteriatoxins A, B and C, initially reported by Hao et al. (2006) and Takada et al. (2001b) . The biological source of pinnatoxins had been unknown until a PnTXproducing dinoflagellate was discovered in New Zealand in 2010 (Rhodes et al., 2010) . Subsequently, this organism was taxonomically identified as a previously undescribed dinoflagellate, Vulcanodinium rugosum (Nézan and Chomérat, 2011) . A strain of this species was also recently isolated from Japanese (Smith et al., 2011) and from Chinese waters (Zeng et al., 2012) .
In addition to the abovementioned reports on PnTXs from South East Asia, Australia and New Zealand, PnTXs have recently also been reported from Europe, specifically Norway Rundberget et al., 2011) , and from North America (McCarron et al., 2012) . PnTXs can thus be considered to be fairly widespread. Maximum concentrations so far have been reported to be below 110 µg kg -1 whole shellfish flesh in Canada (McCarron et al., 2012) , below 120 µg kg -1 in Norway (Rundberget et al., 2011) and below 200 µg kg -1 in New Zealand (McNabb et al., 2012) . These low levels appear very much in line with those typically found for spirolides: a relatively extensive data set with 1801 shellfish samples from France, Italy and the Netherlands showed a 95 th percentile of 8.9 µg kg -1 and a maximum of 105 µg kg -1 for the sum of total spirolides over the 7-year period from 2002 to 2008 (EFSA, 2010).
Pinnatoxins exhibit fast-acting toxicity when injected intraperitoneally into mice , like many other toxins from the cyclic imine group of compounds (EFSA, 2010; Munday, 2008) . The high intrinsic toxicity of pinnatoxins is indicated by low LD 50 s i.p. in mice, namely 57, 13 and 48 µg kg -1 bodyweight for PnTXs-E, -F and -G, respectively . In addition, the uptake from the gastro-intestinal tract has also been shown in mice, both for voluntary feeding and classical gavage exposure routes . These authors also report that there is only a comparatively small differential between the i.p. and the per os routes of exposure, i.e. a factor of about 3 for PnTX-G, and hence the toxic potential of PnTX may constitute a risk to consumers of contaminated shellfish.
Only one poisoning event had ever been linked to the bivalve genus Pinna (Zheng et al. (1990) cited in Selwood et al. (2010) ). Even so, the putative initial poisoning event in China may well not have been caused by pinnatoxins, as the presence of this toxin group was not demonstrated in this first event, and potential contamination with pathogenic vibrio had also been reported from that area. No acute poisoning events have been reported in direct relation to contamination with PnTXs before or since their chemical characterisation in 1995. Possible confusion may arise from the fact that PnTX-G, one of the main algal metabolites, has the same chemical sum formula (C 42 H 63 NO 7 ) as spirolide B and 13-desmethyl-spirolide D (Figure 1) , two other representatives from the cyclic imines group of fast acting toxins. Even though spirolides are produced by a different genus of dinoflagellate, i.e. Alexandrium ostenfeldii (Cembella et al., 1999) and Alexandrium peruvianum (Borkman et al., 2012; Touzet et al., 2008) , they accumulate in shellfish and due to the absence of sufficient reference calibration standards may thus have been confounded with PnTX-G. However, no acute poisonings have been associated with this toxin group either. Unlike spirolides, PnTXs are chemically rather stable compounds: they resist alkaline hydrolysis in aqueous methanol, at 76°C for 40 min (Rundberget et al., 2011) and aqueous HCl (pH 1.5) at 40°C for 24 h (Jackson et al., 2012) . Due to this unusual stability, and their high oral toxicity, PnTXs may be a significant threat to shellfish consumers.
Unfortunately, there is a general lack of information on occurrence for a large number of toxin groups on one hand, and epidemiological information on the other. The lack of information on toxin occurrence has been to some extent overcome by the use of the lipophilic mouse bioassay, also leading to criticism of this test, suggesting its potential for "false" positives. Several comparisons of chemical analyses using liquid chromatography coupled to mass spectrometry (LC-MS) or to tandem mass spectrometry (LC-MS/MS) with the mouse bioassay (MBA) have been conducted as part of routine shellfish safety surveillance programs, e.g. in Ireland and France (Belin et al., 2009; Clarke et al., 2006) . In France, the mouse bioassay protocol for lipophilic toxins is based on the EU harmonised protocol, using a 24h observation period and dichloro-methane as solvent for the partitioning clean-up (Yanagi et al., 1989; Yasumoto et al., 1984) . The French study classified unexplained MBA positives as atypical toxicity (Belin et al., 2009 ). In this 6-year study (2003) (2004) (2005) (2006) (2007) (2008) , over 1000 shellfish samples were analysed using both LC-MS/MS and MBA, with over 25% of the MBA positives being not explained by chemical analysis.
This large percentage of unexplained MBA results prompted us to investigate several monitoring sites further. Here, we report the findings concerning Ingril Lagoon, with PnTX-G identified as the main source of MBA positives observed since 2006 in this lagoon. Particular attention is given to the levels and profiles of PnTXs in mussels and clams, the two main shellfish species occurring naturally in this lagoon. PnTX-G levels in cultures of the toxinproducing organism are reported, as well as results from a functional assay based on the mode of action of the toxin on the Torpedo nicotinic acetylcholine receptor (nAChR) (Aráoz et al., 2012) .
Materials and methods

Collection of shellfish samples
Shellfish samples were obtained from 11 sites for vigilance surveillance, i. 
Pinnatoxin G standard
PnTX-G had previously been isolated from shellfish originating from New Zealand at Cawthron Institute ). An aliquot of this material, but only quantified by gravimetric analysis, had been used in 2010 for the analysis of the survey samples at the Norwegian Veterinary Institute (NVI). Subsequently, in 2011, the quantity of the isolated toxin was confirmed at the NRCC (CA) using quantitative nuclear magnetic resonance (qNMR). An aliquot of this well-characterised PnTX-G was used to prepare a calibration standard in degassed methanol (0.01 % acetic acid), which has been provided to Ifremer at an approximate concentration level of 2 µg mL -1
. Stability of the standard had been tested at NRCC, and no degradation was observed during a 2-week period at temperatures from -20 to +40°C. Dilutions of this standard in MeOH were used to quantify PnTXs in shellfish samples from Ingril Lagoon. Aliquots of this standard were also compared with synthetic PnTX-G, produced in the laboratory of A. Zakarian (Araoz et al., 2011) , using a Torpedo microplate receptor-binding assay (Aráoz et al., 2012) to verify the biological activity on the nAChR target.
LC-MS/MS analyses of pinnatoxins
2.3.1. Analysis of French shellfish samples from the vigilance surveillance programme in 2010 (Norwegian Veterinary Institute, triple-stage quadrupole) Mussels were collected from the vigilance sentinel sites (Figure 2) , digestive glands (DGs) were dissected, and weights of both DGs and remaining flesh recorded. Subsequently, homogenised aliquots (2 g) of these DG tissues were extracted with methanol (MeOH, 1:9 w/v). Filtered aliquots of these extracts were provided to the Norwegian Veterinary Institute for LC-MS/MS analysis.
Liquid chromatography was performed on an Xbridge C18 column (3µm, 50 × 2.1 mm) (Waters, Milford, MA, USA), using a Waters Acquity UPLC module. Separation was achieved using linear gradient elution at 0.3 mL min -1 starting with acetonitrile-water (25:75, water containing 5 mM ammonium carbonate) rising to 100% acetonitrile over 9 min. Isocratic elution with 100% acetonitrile was maintained for 5 min before the eluent was switched back to 25% acetonitrile. The UPLC system was coupled to a Quattro Ultima Pt triple quadrupole mass spectrometer with an ESI interface (Waters Micromass, Manchester, UK). Instrumental parameters and ion transitions were the same as previously described (Rundberget et al., 2011) . Quantitation was performed relative to the PnTX-G standard from Cawthron Institute and the detection limit was 0.5 µg kg -1 whole shellfish flesh. Acetonitrile (LC-MS grade) and methanol (HPLC grade) were obtained from JT Baker. Water for analysis was supplied by a Millipore system. Ammonium formate (LC-MS quality) and formic acid (analyses quality) were from Sigma Aldrich. PnTX-G reference material (CRM) was obtained from the NRC (Halifax, Canada) and diluted in methanol to calibration levels from 0.5 ng mL -1 to 100 ng mL -1 .
Extraction
At least 100 g of whole mussel or clam tissue (or 30 g of DG) was homogenized with a blender. Methanol (9 mL) was added to aliquots of shellfish tissue (2 g), and toxins were extracted using a high speed homogenizer (Polytron) at 15000 rpm for 2 min. Samples were then centrifuged at 3700 g for 8 min at 4°C, and supernatants transferred to 20 mL volumetric flasks. This extraction was repeated twice and volumetric flasks were made up to 20 mL with MeOH. Aliquots of extracts were filtered (0.2 µm membrane filters) and analyzed by LC-MS/MS.
LC-MS/MS
Analysis of pinnatoxins was performed on a UFLC (model Nexera, Shimadzu) coupled to a triple-quadrupole mass spectrometer (5500Qtrap, AB Sciex). Chromatography was performed with a Hyperclone MOS C8 column (50 × 2.0 mm, 3µm) with a C8 guard column (4 × 2.0 mm, 3 µm, Phenomenex). A binary mobile phase was used, phase A (100% aqueous) and phase B (95% aqueous acetonitrile), both containing 2 mM ammonium formate and 50 mM formic acid. The flow rate was 0.2 mL min -1 and injection volume was 5 µL. The column and sample temperatures were 25°C and 4°C, respectively. A gradient elution was employed, starting with 30% B, rising to 95% B over 2.5 min, held for 5 min, then decreased to 30% B in 0.1 min and held for 2.5 min to equilibrate the system. The most intense transition, giving the product ion m/z 164.1, was used to quantify toxins. All toxins were quantified against the PnTX-G standard from NRC, assuming that all analogues (pinnatoxins and pteriatoxins) had the same response factor as PnTX-G.
The ESI interface was operated using the following parameters: curtain gas 30 psi, temperature: 650°C, gas1 50 psi; gas2 60 psi, ion spray voltage 5500 V. For detection, parameters were: the declustering potential was 30 V and the entrance potential 10 V. Three collision energies were applied (53, 59 and 67 eV) with collision cell exit potentials of 10, 6 and 10 V for transitions 1 , 2 and 3 of each compound, respectively.
The limit of detection (LOD) has been determined from the signal-to-noise ratio of the lowest standard injected after injection of 20 samples, using automated calculation in the Analyst 1.5.1 software of Applied Biosystems: This algorithm calculates the LOD as the sample giving a signal height 3 times the standard deviation of the noise. The LOD for PnTX-G was 0.05 ng mL -1 or 0.5 µg kg -1 whole flesh, i.e. for an injection of 5 µL an absolute amount of 250 fg injected on column.
Confirmatory high-resolution mass spectrometry at Ifremer (Q-ToF)
Accurate mass data were acquired on a QTOF 6540 Agilent instrument equipped with a dual ESI source coupled to an Agilent 1200 HPLC system. Separation was carried out on an Agilent Zorbax RRHD extend C18 column (50 x 2.1 mm, 1.8 µm) at 40°C with a flow rate at 0.5 mL min -1 using a linear gradient elution from 10% B to 100% B over 5.5 min. 100% B was held for 2 min before returning to 10% B at 7.5 min. The column was then equilibrated for 2.5 min with 10% B prior to the next run. Mobile phase A was 100% water containing 50 mM formic acid and 2 mM ammonium formate and B was 95% acetonitrile with 5% water with 50 mM formic acid and 2 mM ammonium formate.
The instrument was operated in positive mode, performing full-scan analysis over m/z 100-1700 at 1 spectrum s -1 and targeted MS/MS analysis at 5 spectra s -1
. Capillary voltage and fragmentor voltage were 3500 V and 200 V, respectively. The temperature of the Jet Stream Technologies source was 200°C with drying gas at 5 L min -1 and sheath gas at 11 L min -1 at 350°C. Three collision energies (20, 40 and 60 eV) were applied to the precursor ions to obtain an overview of the fragmentation pathways. The instrument has typically a mass error of 1 ppm in full scan mode and of 2 ppm in fragmentation mode. However, for small molecules or fragments and at low abundance this error may occasionally increase to less than 5 ppm. Resolution achieved is typically 25,000 to 40,000, depending on molecular weight.
Microplate receptor-binding assay for pinnatoxin G
Comparison of natural PnTX-G with that obtained by chemical synthesis was performed by using a microplate-receptor binding assay recently described (Aráoz et al., 2012) . Briefly, flat-bottomed Maxisorp microplates were coated with 100 µL per well of purified Torpedo electrocyte membrane protein (13.5 µg mL -1 ) in TBS buffer (150 mM NaCl, 50 mM Tris-HCl, pH 7.4). The plate was sealed and incubated overnight at 4°C. The membrane solution was discarded and without washing, 250 µL blocking buffer (TBS, 0.5 % BSA) was added to each well, and the plate incubated overnight at 4°C. The coated microplates are ready-to-use and are stable for months when stored at 4°C.
For the test, the microplate was emptied and, without washing, 100 µL of toxin standards prepared in blocking buffer were added to each well. The plate was sealed and incubated overnight at 4°C. Thereafter, 50 µL biotin-α-Bungarotoxin (2.4 x 10 -7 M) was added to each well. The plate was sealed and incubated for 30 min under constant shaking at room temperature. Then, the wells were washed trice with 250 µL washing buffer (TBS, 0.1% Tween 20) and 100 µL of streptavidin-HRP (220 ng nL -1 protein) was added to each well. The plate was sealed and incubated for 30 min at room temperature with constant shaking. Thereafter, the wells were washed thrice with 250 µL washing buffer. To detect the complex Torpedo nAChR-biotin-α-Bungarotoxin-streptavidin-HRP, 100 µL of freshly prepared peroxidase substrate OPD was added to each well. After 3 min, the enzymatic reaction was stopped with 100 µL of 0.5 M H 2 SO 4 and absorbance (492 nm) measured with an ELISA plate reader (GeniosPro, Tecan, Männedorf, Switzerland). Percentage inhibition was calculated from the equation: % inhibition = 100  [(100% signal -signal sample) / (100% signal -100% inhibition) (1) where: 100% signal is obtained from wells in which Torpedo membranes were incubated in the absence of toxins or extracts. Non-specific binding was measured by incubating Torpedo electrocyte membranes with 1 µM α-Bungarotoxin (100% inhibition). The concentration of inhibitor at which biotin-α-Bungarotoxin binding is inhibited by 50% (IC 50 ) was determined by nonlinear regression analysis using GraphPad Prism 5.0 software (GraphPad Software, San Diego, CA, USA). Curve fitting was performed by nonlinear regression analysis using the Hill equation.
Culture and analysis of Vulcanodinium rugosum
After initial observation in 2001, V. rugosum was observed again in a Lugol's-fixed sea water sample from Ingril Lagoon in July 2009 (Nézan and Chomérat, 2011) . A sample of untreated sea water was obtained the following week and used to bring the organism into culture (strain IFR-VRU-01). This strain was cultured using L1 medium, prepared using filtered (0.2 µm) Mediterranean sea water (38 psu). A batch culture (200 mL) was prepared at 18°C, with a photon flux density at 200 µmol m -2 s -1 and a photoperiod of 16 h of light and 8 h of dark. Cells were collected during stationary phase by centrifugation of 10 mL aliquots (3500 g, 20 min, 4°C), with 1,750 cells mL -1
. Cell pellets were extracted three times with 0.5 mL portions of MeOH. After filtration (0.2 µm), extracts were evaporated to dryness and taken up in a final volume of 1 mL MeOH for LC-MS/MS analysis.
Results and discussion
Confirmation of structural identity and receptor-binding activity
One difficulty was the identification of PnTX-G as a toxin distinct from spirolide B and 13-desmethyl spirolide D. The standard obtained from New Zealand via the NRCC played a major role in this undertaking. First, this standard allowed for the verification of the retention time (RT) of the analyte observed in shellfish samples from Ingril: there was no difference in RT between the PnTX-G standard isolated at Cawthron and the RT of PnTX-G in both V. rugosum culture extracts and shellfish samples from Ingril Lagoon (electronic supplementary material Figure 1) . Also, base hydrolysis did not result in destruction of the compound (see section 3.3), which suggested that the compound is not a spirolide analogue but a pinnatoxin (Rundberget et al., 2011) . Furthermore, the mass spectral identity of PnTX-G in samples from Ingril Lagoon and in the standard were identical: fragments from [M+H] + m/z 694.4 were observed at m/z 458.3 and 164.1 (electronic supplementary material Figure 1) . Accurate mass analysis also confirmed these fragmentation clusters at m/z 458.3256 and 164.1429, both in the standard and in a sample of V. rugosum (Figure 3 ). The mass difference of the 458-fragment between the PnTX-G observed in the sample of V. rugosum isolated from Ingril Lagoon and that of the standard (originating from New Zealand shellfish) was -1.5 ppm, i.e. less than the specified acceptable mass accuracy for the instrument (i.e. 2ppm). While mass spectra of spirolide B and 13-desmethyl spirolide D also have the fragment cluster at m/z 164.1 they do not possess the fragment at m/z 458.3 (Sleno et al., 2004) . It would be extremely unlikely that two different compounds had the same accurate mass and fragmentation spectra and the same retention time. Additionally, comparison of natural PnTX-G isolated from New Zealand shellfish with chemically synthesized PnTX-G confirmed that both also had similar activity on the nicotinic acetylcholine receptor (Figure 4 ), strongly suggesting that if there were any potential strereochemical differences between the compounds these would not be toxicologically significant. More significantly, high resolution 1 H-and 13 C-NMR spectroscopic studies with synthetic pinnatoxin G unambiguously confirm its structural and stereochemical identity (Aráoz et al., 2011) . Taken together, these comparisons show that the compound observed in samples from Ingril Lagoon was indeed PnTX-G.
Occurrence of pinnatoxins in shellfish from France (3-month survey)
In 2010, retrospective analysis of shellfish extracts from the French vigilance surveillance programme was performed (Table 1 ). This analysis showed regular occurrence of low levels of spirolides, while only mussels from two sites contained PnTX-G (one in Brittany and one in the Mediterranean Sea (the Etang de Prévost is adjacent to Ingril Lagoon)) at very low levels. Such very low levels are quantifiable because cyclic imines generally exhibit high response factors in LC-MS/MS. However, such low levels may result from the presence of a live PnTXproducing organism with benthic life stages in those areas, but might also potentially be due to contamination arising from advected water bodies.
Occurrence of pinnatoxins in mussels and clams from Ingril Lagoon (4-year survey)
The presence of the low levels of PnTX-G at two locations prompted us to study other geographical areas of potential interest, based on the 6-year survey by Belin et al. (2009) . One of the areas where rapid MBA deaths had been observed was Ingril Lagoon (see also electronic supplementary material Figure 2 ). Retrospective analysis of the routine samples from that area for 2010 showed surprisingly high levels of PnTX-G ( Figure 5 ). These results led us to retrospectively analyse stored samples from 2009 and to survey the area for PnTXs during 2011 and 2012 ( Figure 5 ). The 4-year survey of this area shows that PnTX-G is a recurrent toxin in both mussels and clams. Notable features of PnTX-G in this data are: i) high background concentrations; ii) high maximal concentrations; and iii) large differences in concentration between mussels and clams.
Based on the LD 50 reported (Munday, 2008) , an MBA LD 50 can be calculated around 40 µg kg -1 for PnTX-G in shellfish flesh. High concentrations were observed in mussels for prolonged periods during all four years: only on four sampling occasions was the PnTX-G concentration in mussels below 40 µg kg -1 whole flesh. Mouse bioassays performed on mussel extracts from Ingril Lagoon were positive for extended periods during the summer months in the years from 2006 to 2009. Thus, the concentrations of PnTX-G are clearly sufficient to explain the atypical toxicities observed in mice injected with extracts of mussels from Ingril Lagoon.
High maximum concentrations of PnTX-G were observed in mussels every year, i.e. 261, 1244, 568 and 631 µg kg -1 for 2009, 2010, 2011 and 2012, respectively . Thus, every year, the maximum concentration of PnTX-G observed in mussels at Ingril Lagoon exceeded all other reported levels worldwide, so far. The overall maximum during this study (1244 µg kg -1 ) was six-fold higher than any previously reported value. These high concentrations clearly constitute a concern that needs to be addressed in any future risk evaluation for this toxin group. As there are very few monitoring data for PnTXs (EFSA, 2010) , further surveys will have to be conducted over larger geographical areas before the overall extent of contamination of shellfish with this toxin group can be assessed. It already appears from the "snapshot" analysis of the other 10 areas during the 2010 3-month survey that concentrations elsewhere in France were comparatively low. As this may also be the case in many other countries, future surveys should attempt to have a fine geographic sampling net.
Significant differences were observed between the accumulation of PnTX-G in mussels and in clams ( Figure 5 and Table 2 ). On average, mussels contained seven-to eight-fold higher levels of PnTX-G during the same sampling occasions at Ingril Lagoon. Even though mussels in Ingril Lagoon are from natural banks in the sediment, the physiological differences between the species or the difference in ecological niche of clams, as burrowing bivalves, may play a major role in this accumulation pattern.
The hitherto described metabolic pathways leading to PnTXs A-D and pteriatoxins A-C could not be verified, but transitions consistent with pteriatoxins were found in both clams and mussels (due to the absence of calibration standards it was not possible to identify which pteriatoxins). The only quantifiable metabolite was PnTX-A but even this was only present at low percentage of the PnTX-G concentrations (Table 3) , assuming equal response factors (as all PnTX analogues were quantified against PnTX-G). As PnTX-G is stable to alkaline hydrolysis (Rundberget et al., 2011) , we used this method to determine whether esters of PnTX were present in mussel and clam samples. No differences were observed in concentration of PnTX-G before and after alkaline hydrolysis. We conclude that, if esters were present in these samples, their concentrations were negligible. This appears somewhat in contrast to findings of McCarron et al. (2012) , however, multiple factors may contribute to the formation of such esters, e.g. availability of free fatty acids and species or metabolic state of shellfish.
Tissue distribution of pinnatoxin G in mussels
During 2012, it was possible to obtain simultaneously both whole flesh samples and digestive glands of mussels on 14 sampling occasions. These tissues were analysed separately to gain further insight in the tissue distribution, and thus accumulation mechanisms, of PnTXs (Table 4 ). The fraction accumulated in the digestive gland appeared relatively low, with only ca. 65 % of total PnTX-G being accumulated in this tissue. In previous studies of other toxin groups, higher accumulation rates had been reported for digestive gland compared to whole flesh. For instance, a ratio of 5.2 for AZA concentrations in digestive gland compared to whole flesh was reported for the accumulation of AZAs in mussels, i.e. greater than 90% accumulation of AZAs in digestive gland tissue (Hess et al., 2005) . Similarly, a separate study reported the ratio of OA-equivalents in digestive gland compared to whole flesh to be 6.2 and 8 in two samples of mussels (M. edulis), i.e. again > 90% accumulated in the digestive gland (McCarron et al., 2008) . Even for domoic acid, a much more water soluble toxin, accumulation of ca. 85% in the digestive gland was reported . The finding that a significant portion of PnTX-G is accumulated in tissues other than the digestive gland suggests that other mechanisms than direct ingestion of micro-algae might play a role in the accumulation of PnTX-G in mussels. Further studies will be necessary to ascertain whether this difference is due to greater distribution postaccumulation or whether uptake from the dissolved phase may play a role for this toxin group.
Pinnatoxin G cell quota in Vulcanodinium rugosum, strain IFR-VRU-01
Triplicate analysis of the batch culture of strain IFR-VRU-01 of V. rugosum resulted in a PnTX-G concentration of ca. 4.7 pg cell -1 . This finding, together with the observation of the organism on several occasions in the water column of Ingril Lagoon (Nézan and Chomérat, 2011) may explain the accumulation of PnTX-G as the main toxic component identified in shellfish from this area. This concentration is similar to the previously reported values of 12 to 15 pg cell -1 PnTX-G for a Japanese strain (Smith et al., 2011) , and up to 4 and 20 pg cell -1 PnTX-E and PnTX-F, respectively, for isolates from New Zealand (Rhodes et al., 2010) . However, the toxin quota in cultures may vary according to culture conditions and may not be the same as that in nature, and hence further studies will be necessary to fully understand the uptake mechanisms for this organism with non-motile life stages.
Conclusions
This study has shown the production of PnTX-G in V. rugosum, strain IFR-VRU-01, isolated from Ingril Lagoon in 2009. Furthermore, the results show for the first time the presence of PnTX-G in shellfish from the French Mediterranean, in Ingril Lagoon. The levels observed in mussels from this lagoon are higher than those reported elsewhere, while the levels in clams appear similar to previously reported levels in mussels (Canada and Norway) and oysters (New Zealand). As the percentage of PnTX-G accumulated in digestive gland was lower than for most other toxin groups studied previously, a more extensive study would be required to determine the extent and the mechanisms of the contamination of bivalves destined for human consumption. Levels observed in shellfish from Ingril Lagoon were as much as two orders of magnitude higher than those observed in other areas of shellfish production in France. Even though there have not been regular reports of unexplained lipophilic mouse bioassays in other French Mediterranean lagoons, there may still be a low level of contamination with PnTXs in these areas. Thus, further studies will be necessary to establish the full extent of the problem. While the precautionary principle would suggest closure of areas with such high levels of a bioactive substance, i.e. Ingril Lagoon, a formal risk assessment may be necessary if any ill effects in humans can be demonstrated for this toxin group. Tables   Table 1. Pinnatoxin G (PnTX-G) and 13-desmethyl-spirolide-C (13-dmSPX-C) in French vigilance samples (April to July 2010). Oysters are C. gigas while mussels are M. edulis North of Arcachon and M. galloprovincialis South of Arcachon, with mussels at Arcachon likely to be a hybrid. Table 3 . Percentage of pinnatoxin A (PnTX-A) versus G (PnTX-G) in clams (V. decussata) and mussels (M. galloprovincialis). n/a = not applicable due to PnTX-A not being quantifiable or below the limit of detection.
Sampling date Clams Mussels
Ratio PnTX-A/PnTX-G (%) . All data are expressed in whole flesh equivalents; nota bene: clam concentrations have been multiplied by ten for illustration purposes only and mussels in 2009 had been analysed as digestive glands and whole flesh values were recalculated from the weight ratios of digestive glands and remainder. Mussels and clams from 2010 to 2012 had been analysed as whole flesh samples. No monitoring was carried out during the periods where no data points are visible on the four graphs. For comparative purposes, the mouse bioassay detection limit (MBA-LOD) of 40 µg kg -1 is indicated with a horizontal line 
